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ABSTRACT In sugar industries, the growing amount of sugarcane bagasse ash (SBA), a byproduct released after
burning bagasse for producing electricity, is currently causing environmental pollution. The residual ash displays a
pozzolanic potential; and hence, it has potential as a cement addictive. This study focuses on enhancing suitability of
SBA through incorporating ground blast furnace slag (BFS) in manufacturing self-compacting concretes (SCCs). For this
purpose, SBA was processed by burning at 700 °C for 1 h, before being ground to the cement fineness of 4010 cm*/g.
SCC mixtures were prepared by changing the proportions of SBA and BFS (i.e., 10%, 20%, and 30%) in blended
systems; and their performance was investigated. Test results showed that the presence of amorphous silica was detected
for the processed SBA, revealing that the strength activity index was above 80%. The compressive strength of SCC
containing SBA (without BFS) could reach 98%—127% of that of the control; combination of SBA and 30% BFS gets a
similar strength to the control after 28 d. Regarding durability, the 10%SBA + 30%BFS mix exhibited the lowest risk of
corrosion. Moreover, the joint use of SBA and BFS enhanced significantly the SCC’s sulfate resistance. Finally, a
hyperbolic formula for interpolating the compressive strength of the SBA-based SCC was proposed and validated with
error range estimated within £10%.
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1 Introduction strength and durability regarding resistance against
chloride diffusion, water absorption (WA), and perme-
ability [2]. To ensure high fluidity besides good

cohesiveness, the amount of Portland cement and fillers

Self-compacting concrete (SCC) is one of the most
popular concretes, firstly developed in the late 1980s in

Japan, and recently popularly used worldwide due to its
remarkable advantages. @ When compared with
conventional concrete [1,2], it does not need additional
vibrating or compacting works to obtain good concrete
quality. In fresh state, SCC has the excellent ability to
stream and compact itself using its own weight without
segregating or bleeding. In addition, hardened SCC
manifests high performance in terms of mechanical
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(passing through the 0.125 mm sieve, active or inert) of
the SCC mixture must be significantly increased when
compared to conventional concrete [1,3]. In addition,
reduction of coarse aggregate content, and aggregate’s
maximum size together with new generation of super
plasticizers (i.e., superplasticizers, viscosity-modifying
agent) are required. Therefore, SCC is expensive, mainly
due to the use of chemical admixtures and high volumes
of Portland cement. A number of earlier scholars have
demonstrated that mineral admixtures (i.e., fly ash (FA),
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ground granulated blast furnace slag (BFS), silica fume,
limestone powder) could be added to the mixture to
improve SCC performance. It is well recognized that
incorporation of slag or FA can beneficially increase the
workability and long-term properties of concrete [4,5].
The utilization of these pozzolans becomes more
effective, not only to reduce the manufacturing cost but
also to enhance sustainability owing to high consumption
of industrial by-products that may have no other use [1].
In recent years, it has been reported that agricultural
ashes, generated from burning bio-wastes, such as rice
husk, sugarcane bagasse, straw, seed shells, etc., can
potentially be used as pozzolanic material to partially
replace Portland cement in mortars and concretes,
because they have a high content of bio-silica (SiO,)
[6-8]. In general, reactive silica in these ashes chemically
reacts with calcium hydroxide, released during cement
hydration, to form additional CSH gels, leading to
improve concrete properties [9]. In the sugar industries,
sugarcane bagasse ash (SBA), discharged after burning
bagasse in cogeneration plants to produce electric power,
is growingly dumped in free lands, causing environmental
pollution [6]. The literature shows that after optimizing
the processing methods, SBA can be used as a
supplementary cementitious material (SCM) to improve
the mechanical properties of concretes— including im-
provement of tensile strength, compressive strength,
modulus of elasticity [10,11] and durability, increased
chloride resistance [12], control of the alkali-silica
reaction in reactive aggregate concrete [13], and
reduction of the detrimental effect of sulfate attack
[11,14]. However, raw SBA collected from specific
sources is basically unfit for direct use in cementitious
systems due to high content of unburnt coarse particles
[15]. Large particle size with porosity of “as-received”
SBA absorbs more water, which is unfavorable for
performance of cementitious composites, especially in
hardened state [16].

Calcination of raw SBA at a strictly controlled
temperature combined, with grinding to the cement
fineness (around 3000 cm’/g, Blaine), was previously
introduced to enhance its reactivity. Bahurudeen and
Santhanam [15] studied re-burning SBA for 90 min at a
temperature range of 600—900 °C, and identified that the
highest pozzolanic activity was obtained at 700 °C using
the strength activity index (SAI). Moreover, resistance to
chloride ion penetration of concretes, incorporating with
the treated SBA, increased by 2—3 times that of concrete
with pure OPC at 28 and 90 d. Furthermore, Cordeiro and
Kurtis [16] stated that increase of pozzolanic activity was
associated with increasing fineness of ground SBA. A
similar observation was also made by Cordeiro et al. [10].
Nevertheless, when SBA has a very high content loss
following combustion, sole grinding may be inefficient.
On the other hand, Zareei et al. [17] reported a different
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behavior in ordinary and SCCproduced with 5%—25%
ordinary Portland cement (OPC) replaced by equivalent
proportions of SBA and processed by re-burning at 700 °C
for 1 h before cooling to room temperature. Their results
displayed that increase in SBA replacement resulted in
decreasing mechanical strength of the concretes, due to
low pozzolanic activity of the cementing replacement
additive. In spite of that, incorporation of SBA improved
the durability and other qualities of SCC such as increase
in passing and flowability, and increase in impact
resistance together with decrease in WA. It is therefore
noticed that individual sources of SBA must be examined
in terms of chemical and physical characteristics before
use, from which the most effective utilization of the bio-
waste is determined [18].

This study focuses on enhancing suitability of SBA
through incorporating ground BFS in manufacturing
SCCs. The presence of slag in the ternary binder is
expected to counteract the negative effect of SBA, and
further reduces the amount of OPC used thus achieving
greater sustainability. The studies on this subject are few.
For this purpose, SBA collected from a specific source
near a sugar factory was processed by burning in a muffle
furnace at 700 °C for 1 h and grinding to the cement
fineness before being used as a SCM. Physical and
chemical characteristics of the resulting ash were
examined to confirm effectiveness of the pre-treatment of
SBA. Moreover, influences of SBA in combination with
slag on the properties of ternary-blended SCCs were
investigated.

2 Experimental plan

2.1 Materials used

Type 1 OPC, ground granulated BFS, Type F FA,
processed-sugarcane bagasse ash (P-SBA), crushed stone,
river sand, superplasticizer and tap water are primary
materials used in the preparation of SCC mixtures.

1) OPC, BFS, FA: OPC Type I/PCB40, conforming to
the ASTM C150 [19] was used. The specific Blaine
fineness of the cement is 3530 cm”/g; and its relative
specific gravity is 3.15. Besides, commercial slag Grade
80 and FA Type F (ASTM C618), collected from a
cement plant, were used in developing SCC mixtures.
Properties of these materials are presented in Tables 1
and 2.

2) SBA: Bagasse ash used in this investigation was
collected at random from an opened dump nearby a local
sugar factory. The collected bagasse ash was dried at
110 °C for 24 h to remove free water and before sieving
through the No.50 sieve (opening of 323 um) to eliminate
unburnt coarse substances. The sieved ash was
re-calcined by strictly burning in a muffle furnace at
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Table 1 Oxides composition for OPC, BFS, FA, and P-SBA used in this study
material oxides content (%) LOI*(%)

Sio, ALO, Fe,0 Ca0 MgO SiO; P,0; MnO, Na,O K,0
OPC 20.8 4.7 3.13 63.2 3.33 2.01 - - 0.21 0.51 2.11
BFS 36.61 12.92 0.37 42.1 6.6 0.51 - - - - 0.89
FA 46.01 37.21 4.69 2.88 1.99 0.71 - - 0.22 1.16 5.13
P-SBA 53.2 6.89 3.00 3451 2.82 - - - 0.662 7.076 14.3

*Note: LOI, Loss on ignition.

Table 2 Physical properties of OPC, BFS, FA, and P-SBA used in
this study

physical property OPC BFS FA P-SBA
specific gravity (g/em®) 3.15 2.8 22 2.02
fineness (g/em’) 3530 4550 4050 4010
water consistency (%) 28 - - 55
SAI as per ASTM C311
+ SAlat 7 d (%) - — - 83.40
+ SAl at 28 d (%) - - - 84.66

700 °C for 1 h, followed by a fast cooling down to room
temperature. Then, it was ground with a ball mill to
decrease its particle sizes to the cement fineness greater
than approximately 3500 cm?%g). The resulting ash
(processed ash, denoted as P-SBA thereafter) was stored
in air-tight plastic bags for the experiment. The P-SBA
sample was characterized by its chemical and physical
characteristics. The oxides contents of P-SBA sample
were determined using X-ray fluorescence (XRF)
technique; the morphology of the same ash was detected
by Scanning Electric Microscope (SEM); X-ray
diffraction (XRD) examination of P-SBA was also
carried out.

3) Aggregates: Coarse aggregate (C/A) was produced
from crushed stone with the fineness modulus (F.M) of
6.22; it has the WA value of 2.45%, and relative gravity of
2.65. Fine aggregate (F/A), sourced from river sand has
the F.M value of 2.87, the WA value of 1.66% and
relative density of 2.64. Both aggregates (coarse and fine)
used in this investigation fully conformed to the ASTM
C33 [20] for making concrete.

4) Chemical admixture: A Polycarboxylate-based
superplasticizer (SP), complying with ASTM C494 Type
F, with the density of 1.06—1.09 g/cm3 (at the temperature
of 20 °C), pH of 6, and concentration of 14%—22% was
used to improve workability of SCC mixtures.

2.2 Mix proportions for blended cementing SCCs

The SCC mixtures in this study were designated using a
densified mixture design algorithm (DMDA) approach,
proposed in earlier publication [21]. The concept of the
DMDA follows the assumption that the best concrete

performance could be achieved when its density is high.
The DMDA mixture was incorporated with FA to fill the
voids among aggregates as much as possible, effectively
increasing the density of the aggregate system. In this
case, FA plays roles of filler (physical effect) as well as
pozzolanic material (chemical effect). Moreover, in the
proposed SCC mixtures, OPC was partially replaced by
P-SBA and BFS in order to fabricate the binary (OPC +
SBA) and ternary (OPC + SBA + BFS)-blended cements.
The water-powder ratio (w/p) was fixed at 0.45 after
several trials; and water-reducing agent with a dosage of
1.4% weight of powder was added to achieve the target
workability. In summary, 13 mix proportions were
prepared for the experimental program, as shown in
Table 3.

2.3 Testing items of SCCs

2.3.1 Fresh state tests

The slump flow, box-filling height, T-500 (time for
reaching flow diameter of 500 mm), and V-funnel tests
were carried out in accordance with Japan Society of
Civil Engineering (JSCE) [22] specifications to inves-
tigate the influences of cement replacement materials on
the SCC characteristics in fresh state.

2.3.2 Hardened state tests

Table 4 briefly describes the ASTM testing procedures
adopted for investigating performance of the SCCs at
different periods. Accordingly, compressive strength,
WA, electrical resistivity (ER), and resistance to sulfate
attack tests were included. The fresh SCC mixtures, after
measurement of slump flow, were freely poured into
cylindrical steel modes with a dimension of 100 mm in
diameter and 200 mm in height; the SCC samples were
self-compacted well without any need of compacting/
vibrating work due to their own weight. After 24 h of
casting, the specimens (273 specimens in total, see Table 4)
were removed from the molds and submerged in water
tanks for curing until the testing age was reached. In this
study, each testing result was triplicated, and the average
values from three identical specimens were reported.
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Table 3 Mix proportion for 1 m*of SCC
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No. mix ID wip binder proportion (%) FA (kg/m’) aggregates (kg/m°) SP (%)
OPC SBA BFS C/A F/A

1 control 0.45 100 - - 124 811 828 1.4
2 10SBA 90 10 -

3 20SBA 80 20 -

4 30SBA 70 30 -

5 10SBA + 10BFS 80 10 10

6 10SBA +20BFS 70 10 20

7 10SBA + 30BFS 60 10 30

8 20SBA + 10BFS 70 20 10

9 20SBA + 20BFS 60 20 20

10 20SBA + 30BFS 50 20 30

11 30SBA + 10BFS 60 30 10

12 30SBA +20BFS 50 30 20

13 30SBA + 30BFS 40 30 30

Notes: w/p denotes the water-powder ratio; powder content = (OPC+SBA+BFS+FA); SBA indicates processed bagasse ash (P-SBA); C/A and F/A denote

the coarse and fine aggregates, respectively.

Table 4 Testing items for hardened SCCs

testing item for SCCs and associated ASTM standards testing age

No. of cylindrical specimens (100 mm in diameter x 200 mm in height)

compressive strength (ASTM C39)
WA (ASTM C642)

resistivity (ASTM WK37880)
sulfate resistance (ASTM C1102) 28d

total -

7,28,56,and 91 d

12 x 13 =156

3x13=39

3x13=39

3x13=39
273

3 Results and discussion

3.1 Characterization of the P-SBA sample

Table 1 shows the oxides content of P-SBA sample,
determined by XRF, in comparison with those of others
(OPC, BFS, and FA). The analysis data presents that the
highest silica (SiO,) content was detected for the bagasse
ash sample (53.2%), followed by FA (46.01%), and BFS
(36.61%). The sum of pozzolanic oxides (SiO, + Al,O; +
Ca0) of SBA was 63%, which was somewhat lower than
the limitation of 70% for a pozzolan, recommended by
ASTM C618 [23]. In addition, loss on ignition (LOI) of
the P-SBA was extremely high (14.3%, which was
reduced from 22.9% for the raw SBA). Previous investi-
gations of SBA from many sources have shown that the
LOI of untreated bagasse ash is remarkably high (greater
than 10%, or even 20%), which is attributed to the
unburnt fractions [15,24,25].

Moreover, photos of the SBA samples before and after
re-calcining are shown Figs. 1(a) and 1(b). Due to
presence of high carbon content, the raw SBA sample is

black color, while the reddish-grey color is observed for
the burnt sample, associated with reduction of LOI. A
SEM image and XRD pattern of the burnt SBA sample
are displayed in Figs. 1(c) and 1(d). More porous
particles with a majority of prismatic sharps (marked-1)
and a minor number of spherical sharps (marked-2) were
detected for the P-SBA sample, indicating that this
material tends to absorb more free water. Consequently,
cementitious mixtures incorporated with the P-SBA will
have greater water demand. In addition, XRD examina-
tion revealed an amorphous silica characteristic with
traces of low quartz (0-SiO,) and cristobalite ($-SiO,) for
the P-SBA sample. There is evidence that a broad hump,
located at between 20°-30° (26 angle) and seen on the
spectra, suggested a silica-reactive material. Furthermore,
several physical properties of P-SBA are reported in
Table 2. Its Blaine fineness was determined to be
4010 cm*/g (and those of OPC and BFS were found to be
3550 and 4550 cm*/g, respectively). The relative specific
density of P-SBA was 2.02, lower than that of both OPC
(3.15) and BFS (2.80). Furthermore, the P-SBA’s mortar
SAI, determined in accordance to ASTM C311 [26],
was 83.40% and 84.66%, evaluated at 7 and 28 d,
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respectively. A pozzolan must ensure the SAI value is
above 75%, required by ASTM C618; therefore, the
P-SBA in this investigation fulfilled the requirement of a
cementitious material in terms of strength contribution.

3.2 Fresh properties of blended SCCs containing SBA and
BFS

Measurements of fresh properties of various blended-
cementing SCCs including slump flow, filling-height,
V-funnel flow time, T-500 time are reported in Table 5.
By comparing the obtained results to the JSCE accep-
tance values, it can be seen that SCC mixtures containing
SBA and BFS satisfied well the Class 2 filling ability,
regarding the flowability and viscosity. For instance, the
slump flow diameters were measured in range of
550—-700 mm; the T-500 time and V-funnel flow time
were between 4—9 and 9—-16 s, respectively. In this work,
all SCC mixtures in fresh state showed excellent fluidity
with homogeneity; no bleeding or segregation was
observed. Meanwhile, only 5/13 mixtures (i.e., control,
10SBA, 20SBA, 10SBA + 10BFS, 10SBA + 20BFS) had
the filling-height values above 300 mm, conforming to

-

50 pm
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the requirement of passing ability through the reinforcing
gaps. The others (7 mixtures) might be not adequate for
areas with highly congested reinforcements. Table 5
indicates that incorporating with SBA or with blends of
SBA and BFS resulted in loss of flowability and passing
ability of SCCs (less compatibility). Previous researchers
have revealed that SBA dosage had a great impact on
water demand of cementitious systems resulting from the
hydrophilic nature of the cement replacement material
[6,27]. In addition, angularity and irregular shape with
rough surface of SBA and BFS particles would be
attributed to workability loss because they will uptake
water inside themselves [28,29]. Further differences in
water demand may be because the specific gravity of
SBA (2.02) is lower than that of OPC (3.15). As a result,
a higher volume of SBA, than that of OPC, is required for
the same weight replacement, leading to increased
lubrication [18]. Furthermore, the flow times (via T-500
and V-funnel tests) were increased with greater addition
of pozzolanic materials, showing more viscosity of the
blended composites. Previous study on fresh SCC contai-
ning SBA showed similar observation [30].

800 ; : : : ;
700+ ¢ ]
600 | 3
500- Q ¢ ;
2 W‘ ‘ Q: quartz (0-SiO,);
g 4001 C: Cristobalite (3-Si0,)
€ 300 W\_ Q 3
200Gyl h C ¢ ;
100 M‘W C 1
N A et
100 20 30 40 50 60 70
20(°)

Fig. 1 Photos of SBA samples. (a) Raw SBA; (b) P-SBA; (c) SEM image of P-SBA sample; (d) XRD pattern for P-SBA used in this
study. (+1): Prismatic particles with cell structure; (+2): Spherical molten amorphous silica.
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Table 5 Fresh properties of blended SCCs in this investigation
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No. mix ID. slump flow (mm) box-filling height for gaps (mm) T-500 time (s) V-funnel flow time (s)
1 control 671 330 4.2 9.0
2 10SBA 625 312 5.5 9.5
3 20SBA 611 302 6.4 10.4
4 30SBA 584 286 7.1 12.9
5 10SBA + 10BFS 650 310 53 10.4
6 10SBA + 20BFS 637 300 6.3 11.3
7 10SBA + 30BFS 611 291 6.4 12.1
8 20SBA + 10BFS 623 291 5.9 11.2
9 20SBA + 20BFS 612 280 6.5 12.5
10 20SBA + 30BFS 586 272 7.1 14.1
11 30SBA + 10BFS 591 274 6.8 13.5
12 30SBA + 20BFS 573 260 7.7 14.3
13 30SBA + 30BFS 551 244 8.9 15.8
accepted range - 500-750 =300 3-20 7-20

according to JSCE

3.3 Compressive strength of blended SCCs containing
SBA and BFS

The results of compressive strength test at different
periods (i.e., 7, 28, 56, and 91 d) of the SBA-blended
concrete (with and without BFS) and control concrete are
displayed in Fig. 2. The figure shows that the compres-
sive strength was progressively developed over time as a
result of the hydration and pozzolanic reactions. It is
noticed that, at early age (7 d), the mixtures 30SBA +
10BFS, 30SBA + 20BFS and 30SBA + 30BFS were not
yet sufficiently solidified, and their strength values were
lower than those of the others. Thus, addition of BFS in
SCCs containing 30%SBA is inappropriate, in terms of
compressive strength, only at early ages. This result may
be due to slow reaction of the cement substitutes when
their dosages were high (40%—60%). With the exception
of these mixtures, the strength ratios between 7 and 28 d
(fi7/fins) for other SCCs were evaluated around
0.73—0.81; and the strength ratios were in range of 1.05—
1.12 when the strengths at 91 and 28 d were compared.
There was a slight improvement of compressive strength
along with the increase in replacement percentage of SBA
for OPC at all testing ages. The control SCC with pure
OPC had compressive strengths of 21.2, 32.1, 34.6, and
35.2 MPa, determined at 7, 28, 56, and 91 d, respectively;
the compressive strength of SBA cementing concrete
(without BFS) was superior to that of the respective
controls. For instance, at 28 d, the strength of SCCs
fabricated with 10%, 20%, and 30% bagasse ash reached
98%, 127%, and 104% that of the control, respectively; at
91 d, the corresponding strengths of 98%, 106%, and
108% were estimated. Previous researchers [11,31] found
that concrete modified with an appropriate quantity of
SBA replacing OPC could clearly improve the

mechanical strength. The increase in strength compared
to the control could be attributed to pozzolanic reaction,
in which reactive silica component in the SBA reacts with
Ca(OH), (from hydration of OPC) to additionally form
CSH gels. Moreover, filler effect of finer SBA particles,
which physically fill the voids in the cement matrix and
increase the density, resulted in additional strength gained
[11]. However, when SBA excessively increased, the
strength drop was seem to be likely to occur due to the
lower OPC content [6]. On the other hand, SCC that
incorporated both SBA and BFS to partially replace OPC
(ternary-blended system) had the strength higher than that
of the control at early age (7 d), with the exception of the
30SBA series (+ 10BFS; + 20BFS; and + 30BFS).
However, this trend reversed as the curing age extended
to 28 d or longer. Ternary cementing concrete experi-
enced asubstantial strength reduction atlaterages (28—91d),
when compared to the control SCC and to the respective
binary cementing SCC, although increasing BFS in the
mixtures led to improvement of the strength. The higher
strength at early age (7 d) and lower strength at later age
of ternary composites than those of the control may be
attributed to the higher WA of both of the cementing
alternatives, inducing more porosity within the mentioned
concrete [32]. In addition, it was observed that 30% BFS
in the ternary blended system presented a comparable
strength of the control after 28 d. For example, SCC
specimens made from mixtures of 10SBA + 30BFS,
20SBA + 30BFS, 30SBA + 30BFS achieved a strength
level of 95%—101% relative to the control, tested at 28
and 91 d. The reasons might be due to filling the empty
spaces with finer inclusions (physical effect) and
consuming Ca(OH), during hydration of OPC (pozzo-
lanic effect). Study on the ternary concretes containing
SBA (sieving through a No. 75 um filter) and FA also
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Fig. 2 The results of compressive strength test for all SCC mixtures.

reported a similar observation [33]. Based on the obtained
results, the combination of 30SBA + 30BFS could be
optimum, because it took the lowest OPC content (and
highest cement replacement used) and attained a
comparable compressive strength of the control.

3.4 Electrical resistivity of blended SCCs

The measurement results of ER of different SCC mixtures
at various ages (7, 28, 56, and 91 d) are reported in Table 6.
It can be seen that resistivity of the SCC specimens was
growing over aging times, owning to gradual reduction of
porosity with hydration products. After 28 d, the ER-
values of the SCC specimens were mostly above the
limitation of corrosive prevention (20 kQ-cm),
recommended by CEB-192 [34], with the exception of
the mix 30SBA + 30BFS (13.5 kQ-cm). Increasing rates
of SBA replacement for OPC in the binary-blended
cement led to a gradual decrease of resistivity at the later
ages. For example, in this study, when 10%, 20%, and

30% SBA were incorporated, the ER-value was decreased
by 5%, 11%, and 24%, respectively, relative to the
control, evaluated at 91 d. In general, ER is closely
related to the pore structure and pore solution features
(ion penetrability) within concrete [35]. Rukzon and
Chindaprasirt [36] examined the influence of SBA as
cement replacement on the porosity of concrete and
concluded that the higher the SBA dosage that replaced
OPC the higher the porosity of the concrete. The authors
evidenced that porosity of control concrete at 28 d was
7.2%; and that values for blended concrete prepared with
10%, 20%, 30%SBA replacement were 7.22%, 8.31%,
and 8.50%, respectively. This seems that the larger
amount of SBA substituted for OPC caused insufficient
reaction of Ca(OH), (from cement hydration) with silica
from the bagasse ash, which could be attributed to the
porosity increase, which in turn affected the resistivity
directly [11]. Further, among the ternary-blended SCCs,
the mix 10SBA + 30BFS showed the highest resistivity
after 28 d, which was slightly higher than that of the
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control, and it therefore exhibited the lowest risk of
corrosion. This is remarkable evidence for effective pore-
structure refinement of the mentioned combination.

3.5 Water absorption of blended SCCs

The measurement results of WA are tabulated in Table 7.
The measured data expressed an essential trend of larger
decrease of WA, along with the prolonged aging, related
to the formation of hydration products, resulted in
reduction of porosity of concrete structure. Hence, the
lowering WA was generally associated with increase of
mechanical strength, as discussed previously. For binary-

Table 6 Results of ER of different SCCs
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blended cement SCC, at later ages (after 28 d),
percentage mass of absorbed water was increased with
the larger amount of SBA replacement. Mixtures
containing 10%, 20%, and 30% SBA had the WA values
of 3.77%, 3.78%, and 4.68%, respectively, which were
higher than those of controls determined at 28 d (2.11%);
in addition, the increasing rate of WA was significant at
28 d and it gradually reduced at 56 and 91 d. This result
was in agreement with those of earlier authors [37,38].
Larger specific surface area (finer particles) was the case
for OPC, and hygroscopic nature of SBA, which tends to
absorb more mixing water, would be responsible for the
mentioned behavior.

No. mix ID ER (kQ-cm)

7d 28d 56d 91d
1 control 11.00 31.25 57.75 98.25
2 10SBA 10.00 32.00 55.00 93.25
3 20SBA 9.06 31.25 53.25 87.25
4 30SBA 7.90 26.00 46.75 74.25
5 10SBA + 10BFS 7.53 29.00 51.50 85.75
6 10SBA + 20BFS 8.35 34.50 56.75 87.75
7 10SBA + 30BFS 9.35 36.25 67.75 98.50
8 20SBA + 10BFS 7.40 31.00 50.75 79.25
9 20SBA + 20BFS 7.50 32.75 53.00 81.75
10 20SBA + 30BFS 7.85 30.15 58.50 88.25
11 30SBA + 10BFS 5.67 28.00 48.50 79.25
12 30SBA + 20BFS 4.58 21.00 41.75 67.25
13 30SBA + 30BFS 4.20 13.50 38.75 65.25
Table 7 Results of WA of SCCs and weight loss of different SCCs
No. mix ID WA (%) weight loss (%)

7d 28d 56d 91d

1 control 2.62 2.11 2.08 2.07 2.52
2 10SBA 3.49 3.77 2.88 2.20 2.06
3 20SBA 3.06 3.78 3.13 2.16 2.00
4 30SBA 3.92 4.68 3.75 2.74 1.83
5 10SBA + 10BFS 3.46 4.03 3.24 2.89 1.49
6 10SBA + 20BFS 3.11 3.98 3.08 2.51 1.13
7 10SBA + 30BFS 2.63 3.24 2.88 2.30 1.13
8 20SBA + 10BFS 431 5.21 4.58 3.66 0.83
9 20SBA + 20BFS 4.47 4.48 3.69 3.36 0.61
10 20SBA + 30BFS 3.79 3.84 3.23 3.03 0.49
11 30SBA + 10BFS 4.72 6.72 5.14 4.11 0.37
12 30SBA + 20BFS 5.06 6.07 4.83 3.23 0.18
13 30SBA + 30BFS 5.25 5.57 3.76 3.21 0.18
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In addition, increasingly adding BFS to the binary
cement system containing SBA led to steady reduction of
WA in the SCC samples at later ages. In particular, at 91 d,
the WA-values of the 10SBA mix series combined with
10%, 20%, 30%BFS were 2.89%, 2.51%, and 2.30%,
respectively. Other mix series also had a similar trend.
However, SCC containing both SBA and BFS had the
WA-value higher than that of the respective control,
measured at the same condition. The fact seems due to
lack of the required amount of calcium hydroxide, which
released during cement hydration, to react with
amorphous silica in the replacement materials. The
consequence of unavailability of Ca(OH), at the
nucleation sites would be reduced in formation of CSH
gels, resulting in more porosity and water retention in the
saturated condition [11]. Furthermore, Fig. 3 depicts the
experimental relationships between WA versus ER at
different curing ages. The plot showed a trend that the
higher WA the lower the observed resistivity, resulting
from the fact that the two mentioned-durability indices
are physically related to liquid accessible porosity of
concrete [39]. As seen in the figure, the WA—ER
correlations for each aging time can be expressed by a
power formula (ER=axWA™); where a and b are
constants, obtained through regression analysis of the
testing data. An analogous relationship between the two
indices can be found in the previous study [35].

3.6 Weight loss of blended SCCs due to immersion in a
5% sodium sulfate solution

The results of weight loss for different SCC specimens
due to exposure in sulfate solution are presented in Table 7.
It can be observed that the loss of weight for control SCC
was highest, calculated at 2.52%, manifested the highest
level of degradation among different SCC specimens. In
general, when immersed in sulfate environment, concrete
sample is subject to degradation and weight loss, caused
by expansion volume of cracks in cement paste.
Nevertheless, replacing a part of OPC by SBA or by both

120
7d
o 28d
1001 XX A 56d
— X x 91d
S 80 Xx x power (7 d)
Q X ——power (28 d)
= A ¥ ——power (56 d)
B 60+ Wpower 91d)
> A
2 A A
'z 40 S A<> A
= o o o o
20+
o
T Y T e e
2 3 4 5 6 7

WA (%)

Fig. 3 Correlations between WA and ER.
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SBA and BFS greatly enhanced the sulfate resistance,
related to the fact that blended-cementing SCCs showed a
lesser weight loss compared to the that of control SCCs
with pure OPC. Also, increasingly higher SBA dosage in
the binary binder (OPC + SBA) produced a lesser weight
loss of SCC specimens, when immersed in aggressive
media. The measured weight loss of 30SBA mix was
1.83%, which was decreased by 27.4% relative to the
control mix. Interestingly, SCCs made with ternary-
blended cement (OPC + SBA + BFS) performed with
excellent sulfate resistance. The lowest loss of weight
was obtained for the two mixes 30SBA + 20BFS (0.18%)
and 30SBA + 20BFS (0.18%), followed by the mix series
20SBA (0.49%—0.83%) and 10SBA (1.13%—1.49%).
Thus, it can be revealed that the higher the level of
replacement of OPC by SBA and/or BFS the lower the
weight loss was. The improvement of sulfate resistance in
this study is in agreement with that reported in Refs.
[1,14]. The reason may be due to concrete modification
with pozzolanic materials basically resulted in less
tricalcium aluminate (C;A) and Ca(OH), when compared
to OPC concrete, which produced less ettringite and

gypsum [ 14].

3.7 Strength formulation for SBA-blended SCCs and
validation

In this section, a strength formulation of the SBA-based
SCCs is established. The ACI Committee 209 [40]
recommends a hyperbolic formula (see Eq. (1)), which
allows prediction of the compressive strength of a
conventional concrete at a specific age, based on its
corresponding strength determined at 28 d:

t
Jei = Jeos m,

where 1 is the curing age (d); f., and f.,; represent the
compressive strengths of concrete at the ages of ¢ and
28 d, respectively; a and b are coefficients of the
hyperbolic function, with values of 4.0 and 0.85 (for
normal concrete), respectively.

Wang et al. [41] revealed that with addition of additives
such as slag, FA, waste glass in concrete mixtures, the
trend of strength development over time for blended
concrete was similar to that of conventional OPC,
complying to the hyperbolic form, in spite of significant
difference in the hydration rate of pozzolanic additives. In
this study, based on the data set of compressive strength
measured at different periods (7, 28, 51, and 91 d),
adjustment of the coefficients ¢ and b will be proposed
for the SBA-based cementing SCCs using an analytical
approach. By transforming Eq. (1), a linear formula of
strength ratio between 28 d and ¢ d (denoted asf. ./ f..)
versus ¢! is obtained, as shown in Eq. (2):

o)
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Jeos _
Jeu t

Table 8 reports the values of a and b coefficients, which
were determined from the regression analysis of the
testing data (the trending lines). Also, Figs.4 and 5
demonstrate the influences of SBA and BFS ratios on the
two coefficients (i.e., a and b). A trend can be observed
whereby the coefficient ¢ decreased with an increase in
SBA replacement ratio; BFS seems to have a minor
impact on this coefficient. Meanwhile, both SBA and
BFS ratios did produce a slight effect on the coefficient b
(see Fig.5). Based on this behavior, for simplicity, it
could be assumed that the a-coefficient is a function of
the SBA ratio only; whereas, the b-coefficient is not
affected by both SBA and BFS replacement, meaning that
it would take the value of 0.8474 for the control SCC
with pure OPC (see Table 8). Regression analysis of the
testing results for the SBA series (without BFS) shows
that the a—coefficient and SBA rate (denoted as SBA in
the formulae below) were correlated well (coefficient of

a+bt a
=?+b=a-t‘1+b.

2
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determination, R? =0.75, see Fig. 4) with a linear trend, as
Eq. (3):

a=—-7.0357x SBA +4.3647. 3)

Finally,

t
= Je ' y
Jou = JewX 7 G357 sBA + 43647 + 0.84Tdx s P

The comparison of actual (experimental) and calculated
strength values from Eq. (4) is graphically illustrated in
Fig. 6. The scatter plot indicates that, except for
unexpected strength at early age for mixtures containing
high dosage of cement replacement (30SBA series at 7 d),
most of the data points, whose coordinates are the actual
and calculated strengths, are closed to the bi-sector line
(1:1 line), within the error range of +10%. This
description means that the calculated strengths interpo-
lated from the analytical formula are closely comparable
to the actual strength. The relative strength (f.,/fi2s)
evolutions over ages, obtained from the experiment and

Table 8 Coefficients a and b taken from regression analysis (the trending lines)

SBA (%)

BFS (%)

0 10

20 30

0 (control) 4.6486 [0.8474]" -

10 3.5887 [0.8670] 2.3351 [0.9140]
20 2.2509 [0.9276] 2.8560 [0.8910]
30 2.7493 [0.8786] N/AY

2.4043 [0.8938]
1.9791 [0.9286]

2.7472[0.9176]
2.2544 [0.9224]

N/A N/A

Notes: a) The b-coefficient is placed in the square bracket [—]; b) the N/A indicates not available values due to unstable strength at 7 d.

5 T J T T T y T 5 T T T T T e T
il e S =
L J L control SCC (4.6486) i
4 4 44 .
L y==-7.0357x + 4.3647 - s 4
3 R*=0.7487 - o | 1
o3 — 34 —
5t . - . |
L‘% - - L -
— L n - . i
g | n ] [ o u o
§ 2 4 4 24 PY -
1 - 4 14 _ -
r H SBA+OBFS series 1 - B 10SBA series 1
r linear fit 1 - @ 20SBA series 7
: : 30SBA series :

0 T ' T ! T ' T 0= ! T ! T ' T

0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
SBA replacement ratio BFS replacement ratio
(a) (b)

Fig. 4 Variations of a-coefficient versus (a) SBA and (b) BFS replacement ratios.
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Fig. 6 Comparision of actual and calculated compressive
strength.

from the interpolation for the SBA-based SCC, are
comparably illustrated in Fig. 7.

Validation of the proposed formula. In addition, valida-
tion of the formula established in this study was carried
out to check its efficiency. The testing data sets, previo-
usly published by Ganesan et al. [42] and Rerkpiboon et
al. [12], were referred for validation. In accodance to
these authors, concrete mixtures were prepared with SBA

replaced for OPC at various ratios (i.e., 0.0—0.5); and the
conpressive strengths of these concretes were experimen-
tally determined at the aging times between 7 and 180 d.
In Table 9, the compressive strengths interpolated from
the proposed formula (f..,) are comprared to those
collected in the literature (f;...); the differences (errors, in
percent) between them are also reported therein.
Performance of the established formula was quantatively
evaluated based on the MAPE (mean absolute percentage
error) index, determined by the following Eq. (5):

t,' —Z
L

x 100,

1 N
MAPE, % = Nx;' )

where ¢, and z; are the actual and interpolated values,
respectively; N is the number of data points.

As seen in Tables 9 and 10, the MAPE values were
7.88% and 6.12% for the two validated sets. It is widely
agreed that a MAPE less than 10% indicates an excellent
interpolating ability [41]. From this viewpoint, the
compressive strength values introduced from the
proposed formula were highly reasonable, approximating
well to actual values. Morcover, this statement was futher
supported by the fact that most of the points showing the
actual and calculated strengths are located near the bi-
sector region (within error range of £10%), as plotted in
Fig. 6. Therefore, based on above analysis, the formula in
the Eq. (4) is valid for interpolating the compressive streng-
ths of different concretes containing SBA as cement
replacement.
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Fig.7 Comparison of actual and calculated compressive strength evolution.

Table 9 Comparison of actual and calculated strength (MPa). Reference from Ganesan et al. [42], water-binder ratio = 0.53 (MAPE = 7.88%)

SBA ratio compressive strength at different periods (MPa)
7d 14d 28d 90d 180d

fc,acl. (fc,cal,) error (%) fc,acL (fc,calA) error (%) fc,act. (fc,cah) error (%) fc,act. (fc,calA) error (%) fc,act, (.fc,cah) error (%)

0.00 2722 (24.51) 996  323(31.10) 372  36.05(359) 033 383(40.2)  5.06 - -
0.05 31.11 (29.07)  —6.56  34.6(3642) 526 413(41.6) 094 44 (46.30) 5.3 - -
0.10 34.12(3072)  -9.96  40.9(37.97)  -7.18 42.1(43.0) 223 44.1(474) 750 - -
0.15 3409 (31.22) 843  39.9(38.02) —4.70 412(42.6)  3.56 43.0 (46.6) 839 - -
0.20 33.90(31.34)  -7.55  37.6(37.59)  —0.01 39.8(417)  4.93 407 (45.2)  11.09 - -
0.25 32572755 1542 33.1(32.51)  —1.78 33.6(357) 633 36.7(383) 447 - -
0.30 29.56(26.34)  —10.90  30.4 (30.54)  0.47 308(33.1)  7.77 31.6(353) 1172 - -

Table 10 Comparison of actual and calculated strength (MPa). Reference from Rerkpiboon et al. [12], water-binder ratio = 0.45 (MAPE =
6.12%)

SBA ratio compressive strength at different periods (MPa)
7d 14d 28d 90d 180d

Jeact. (fecal)  error (%) Jfeact. (fecal)  error (%) feact. (fecat)  error (%) feact. (fecal)  error (%) feact. (fecal)  error (%)

0.00 33.1(27.94) —15.58 - - 41.1(40.9)  —0.33 499458 806  51.1(47.15)  —7.73
0.10 36.6 (33.93)  -7.29 - - 46.5 (47.5) 2.23 54.4(523) 375 55.4(53.59)  -3.27
0.20 35.2(36.22) 2.91 - - 46.0 (48.2) 4.93 56.6 (52.2)  —7.67 57.4(53.25) —-1.23
0.30 33.5(35.23) 5.17 - - 41.2 (44.4) 7.77 51.1(472) -7.59  52.5(4791) -8.74
0.40 32.7(36.86)  12.72 - - 39.4(43.6)  10.77 477 (455)  —447  48.6(46.03) 529
0.50 28.8(38.83)  34.82 - - 37.6 (42.8)  13.94 453 (43.8)  -3.13 458 (44.13)  -3.65
4 Conclusions 1) SBA processed by burning at 700 °C for 1 h, and

then grinding to the cement fineness (Blaine’s fineness
Based on obtained results described in this study, the around 4000 cm?/g) manifests pozzolanic characteristics
following remarks can be summarized. (SAI above 80% at 7 and 28 d).



Duc-Hien LE et al. Enhancing strength and durability of SCCs

2) In fresh state, SCC mixtures incorporated with SBA
or with blends of SBA and BFS results in decreasing
flowability and passing ability of SCCs; whereas the flow
times (via T-500 and V-funnel tests) are increased,
showing more viscosity of the blended-cement composites.

3) Compressive strength of the binary-blended SCC
developed with SBA is comparable or superior to that of
the control SCC with pure OPC, estimated at 98%—127%.
However, the joint use of SBA and BFS in ternary-
blended SCCs produced a lower strength than that of the
control at later ages (after 28 d). Ternary-blended SCCs
containing SBA and 30% BFS (10SBA+30BFS,
20SBA+30BFS, 30SBA+30BFS) achieved strength levels
0f 95%—101% relative to the control after 28 d.

4) Replacement of OPC by SBA in binary-cement SCC
resulted in a minor decrease in ER at the later ages. On
the other hand, the ternary mix 10SBA+30BFS exhibited
the lowest risk of corrosion after 28 d, which was a bit
better than that of the control.

5) WA of binary-cementing specimens at later ages
increases when higher amount of SBA replacement is
incorporated. Meanwhile, the partial replacement of OPC
by both SBA and BFS leads to reduced amount of water
absorbed in the specimens, although these specimens
have WA higher than that of the respective controls.
Moreover, correlation between WA and ER can be
expressed by the power formula (ER = ax WA™).

6) When replacing a part of OPC by SBA or by
combination of SBA and BFS, the sulfate resistance of
the SCC enhances significantly. The lowest weight loss
due to sulfate attack was obtained for the mix series
30SBA, followed by the mix series 20SBA and 10SBA.

7) A hyperbolic formula proposed in this study can
provide a good match with the compressive strength
evolution of the SBA-blended SCC. The differences
between the calculated and actual strengths was estimated
to be within £10%.
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